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W–Si–N films were deposited by reactive sputtering in a Ar + N2 atmosphere from a
W target encrusted with different number of Si pieces and followed by a thermal
annealing at increasing temperatures up to 900 °C. Three iron-based substrates with
different thermal expansion coefficients, in the range of 1.5 × 10−6 to 18 × 10−6 K−1
were used. The chemical composition, structure, residual stress, hardness (H), and
Young’s modulus (E) were evaluated after all the annealing steps. The as-deposited
film with low N and Si contents was crystalline whereas the one with higher contents
was amorphous. After thermal annealing at 900 °C the amorphous film crystallized as
body-centered cubic –W. The crystalline as-deposited film presented the same phase
even after annealing. There were no significant changes in the properties of both films
up to 800 °C annealing. However, at 900 °C, a strong decrease and increase in the
hardness were observed for the crystalline and amorphous films, respectively. It was
possible to find a good correlation between the residual stress and the hardness of the
films. In several cases, particularly for the amorphous coating, H/E higher than 0.1 was
reached, which envisages good tribological behavior. The two methods (curvature and
x-ray diffraction) used for calculation of the residual stress of the coatings showed
fairly good agreement in the results.
I. INTRODUCTION
Tungsten-based coatings deposited by sputtering have
many applications such as diffusion barriers,1 semicon-
ductor devices,2 and hard coatings.3 Doping W films
with an increasing concentration of elements such as Si
and N by sputtering provide the possibility of various
structures, i.e., metallic phases, nitrides, and even amor-
phous structures.4 In these films, Si is bonded preferen-
tially to N forming an amorphous Si–N phase that, in
conjunction with nanograins of W-based phases, gives
rise to a nanocomposite material.5 Two amorphous
phases are expected, one rich in Si and the other in W.
Detailed knowledge of the thermal behavior of hard
coatings is important because in many applications, the
service temperature can reach temperatures up to
1000 °C. Another aspect is the possibility of reaching
interesting “nanocomposite” structures by the crystalli-
zation of as-deposited amorphous coatings via thermal
annealing. Of the several hardening factors intervening
for reaching a very high hardness in these films, the
residual stresses is one of the most important.6,7 Taking
into account that the residual stress is mainly due to the
superposition of intrinsic and thermal components, the
study of this characteristic whenever changes in tempera-
tures are present is of great importance. In fact, both
components depend on the temperature. Intrinsic stresses
originate from the growth of defects or structural mis-
match between film and substrate, and thermal stress is
related to the difference in the thermal expansion coef-
ficients of the film and the substrate. Both will change
during the thermal annealing of the film and conse-
quently lead to changes in its mechanical performance.
In previous work,8,9 the structural and mechanical be-
havior of amorphous W–Si–N films with increasing an-
nealing temperatures were studied. After crystallization,
a)Address all correspondence to this author.
e-mail: albano.cavaleiro@dem.uc.pt
DOI:10.1557/JMR.2005.0169
J. Mater. Res., Vol. 20, No. 5, May 2005 © 2005 Materials Research Society1356
the films showed an important improvement of the hard-
ness values. Changes in the chemical composition were
attributed either to the loss of N from the W–N bond
(when formed) or to the interdiffusion between the film
and the substrate. Depending on the Si content, the crys-
tallization phases ranged from the body-centered cubic
(bcc) –W, a mixture of this phase with W silicides
(W3Si and W5Si3), to only silicides (W5Si3 and WSi2).
However, thermal stability studies were not performed
on the as-deposited crystalline coatings. Moreover, in
spite of the suggestions made concerning the influence of
the residual stress on the mechanical properties, meas-
urements were not reported.
The aim of this research was to deposit W–Si–N coat-
ings by sputtering with chemical compositions as similar
as possible, but one with a crystalline and another with an
amorphous structure after deposition. Three Fe-based
substrates with different thermal expansion coefficients
were used. The coated samples were annealed at increas-
ing temperatures up to 900 °C, and the chemical compo-
sition, structure, residual stresses, hardness, and Young’s
modulus were studied. A comparative study between two
different methods [curvature and x-ray diffraction




The films were deposited from a single W target em-
bedded with 7 or 10 pieces of Si by direct-current (dc)
reactive magnetron sputtering with a negative substrate
bias voltage of 70 V. The total deposition pressure was
0.3 Pa, and the N2/Ar partial pressure ratio was 1/4 and
1/3. The coatings, with a thickness of ∼3 m were de-
posited on 310 (AISI) (Fe52Cr25Ni20Si2Mn), FeCralloy
(Fe73Cr22Al5), and INVAR (Fe64Ni36) substrates with
the following respective characteristics: linear thermal
expansion coefficients (20–90 °C): (16–18) × 10−6 K−1,
11.1 × 10−6 K−1, and (1.7–2.0) × 10−6 K−1; hardness
HV0.1: 2.6, 2.0, and 1.5 GPa; Young’s modulus: 200, 220,
and 145 GPa. The substrates with dimensions of 70 × 10
× 1 mm were polished with diamond paste down to a
particle size of 1 m, and its surface was ion cleaned
with an ion gun before coating deposition. The cleaning
procedure included electron heating up to temperatures
close to 450 °C and afterwards, Ar+ bombardment for
8 min (ion gun settings at 20 A and 40 V, substrates at
−100 V). During the deposition the substrate temperature
was kept close to 450 °C.
Thermal annealing of the coatings was carried out at
increasing temperatures up to 900 °C in an Ar + H2
atmosphere for 1 h at each annealing temperature after
the furnace chamber was evacuated down to 10−3 Pa.
B. Characterization techniques
The chemical composition of the coatings was deter-
mined by Cameca SX-50 Electron Probe Microanalysis
(EPMA, Courbevoie, France).
X-ray diffraction (XRD) was performed with Co K
radiation on a DW 3040 X’pert Philips Diffractometer
(Almelo, The Netherlands) to analyze the structure of the
films.
The residual stress was determined by two different
methods; one based on the curvature or deflection of a
coated sample and the other based on the direct meas-
urement of elastic deformations (x-ray diffraction using
the sin2  method). In the former, two simple methods
were used for the curvature evaluation, optical micros-
copy and profilometry. With a calibrated optical micro-
scope using a 100× magnification objective lens for the
focus procedure, it was possible to measure the deflec-
tion of the sample over a total length of 38 mm with an
increment of 2 mm. The curvature could then be drawn
by taking the distance along the XX axis and the height
of the focus along the YY axis. The profilometer al-
lowed similar curve to be obtained. However, due to
limitations on the lateral scanning distance of the equip-
ment, only the central part of the sample was considered
over a total length of 17.5 mm. With profilometry, in
each sample, two profile scans were taken at two parallel
lines separated by 2 mm. In both methods, the sample
was placed in a sample holder, always in the same po-
sition to assure that exactly the same line was being
scanned in the following three measurements done for
each sample: bare substrate, after coating deposition, and
after thermal annealing. The stress in the coating (f) was







 1ra − 1rb , (1)
where Es is Young’s modulus of the substrate; s is Pois-
son’s ratio of the substrate; ts and tf are thickness of the
substrate and film, respectively; and ra and rb are the
curvature radius of the sample before and after deposi-
tion/heat treatment, respectively.
The curvature radius was obtained by polynomial (2nd
degree) fitting of the experimental data
f(x)  a + bx + cx2 , (2)





For the sin2  method, the (211) diffraction line of the
bcc –W phase, the only crystalline phase detected be-
fore and after thermal annealing, was used for the
measurements.
The hardness and Young’s modulus were evaluated by
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depth-sensing indentation technique using a Fischer
Instruments-Fischerscope (Sindelfingen, Germany) and a
MTS Nanoindenter XP (Eden Prairie, MN). In the
former, the load P was increased in 60 steps until the
indentation load of 50 mN was reached, and the same
steps were used during unloading. The hardness and
Young’s modulus values are a result of at least 10 in-
dentations tests. The final result was corrected in relation
to the geometrical defects in the tip of the indenter, ther-
mal drift of the equipment, and uncertainty in the initial
contact.12 The latter instrument has an additional func-
tionality that allows for a continuous stiffness measure-
ment (CSM), wherein the contact stiffness is measured
continuously as a function of displacement along with
the load. With the CSM method, stiffness data were col-
lected and subsequently used in the calculation of the
hardness and modulus. A standard approach—load-
unload cycle—was used, where the load was held con-
stant at peak load to allow for compensation of creep, and
at 70% of maximum load on unloading for calculation of
any thermal drift effects. The measurements were re-
peated at least twenty times and were all loaded using
a loading rate Ṗ/P, of 0.05 s−1.13
III. RESULTS AND DISCUSSION
A. Chemical composition
Table I presents the results of the chemical composi-
tion of the coatings after deposition, normalized to 100%
in relation to W, Si, and N elements. Although not
shown, oxygen content lower than 2 at.%, due to con-
tamination, was quantified. Furthermore, vestiges of ar-
gon were also detected. As expected, the silicon and
nitrogen contents in the as-deposited state increase with
the number of Si pieces in the target and the N2/Ar partial
pressure ratio, respectively. No significant differences in
the chemical composition were detected for the same
film deposited on the three different substrates.
After annealing the coated systems up to 800 °C
(Tables II and III), it was observed that the different
substrates did not induce any variation on the chemical
composition of the films. Moreover, the chemical com-
position of the films remained almost the same for the
different annealing temperatures. Only the amorphous
films after annealing at both 700 and 800 °C showed a
small loss of N from ∼29 to ∼22 at.% when compared
to the as-deposited state. With reference to previous
works on similar films, this loss was surprising.9,14 For
W–Si–N sputtered films, it was demonstrated that N es-
tablishes bonds preferentially with Si. Therefore, only
after the total amount of Si in the coating is bonded to N,
for the case of a stoichiometric ratio of Si3N4, will W–N
bonds be formed. Thus, by taking into account the
chemical composition of as-deposited amorphous films,
it would be expected that the entire N was combined with
Si (Si/N > 0.75). Previous results showed that only the
N bonded to W was lost during thermal annealing due
to the very low stability of this bond.15 Hence, if a
small amount of N was lost during thermal annealing
at 700 °C, and no further loss occurred at 800 °C, it
meant W–N bonds were present in these coatings after
deposition.
Annealing at 900 °C causes important changes, par-
ticularly concerning the labeled B-film. As demonstrated
previously regarding the thermal stability of W–Si–N
sputtered films,9 at high annealing temperatures, inter-
diffusion between the film and the substrate can occur,
leading to the variation of the chemical composition of
the former detected during the EPMA analysis. Typi-
cally, N can diffuse both outwards and inwards and Fe,
Cr, and Ni diffuse outwards to an extent depending on
the annealing temperature and the initial chemical com-
position of the coating.9,14 Consequently, the changes
observed in the N content can be attributed to its outward
diffusion from the film to the annealing atmosphere. This
result is in accordance to the EPMA measurements. Dur-
ing this process, if nitrogen is accumulated in the surface
layers before being liberated to the annealing atmos-
phere, a very high content can be quantified by EPMA,
which only probes less than 1 m from the surface. If N
is already lost for the atmosphere, its content almost van-
ishes. Moreover, for films annealed at 900 °C, it was not
possible to reach the total 100 wt% of elements (the
elements that were declared were W, Si, N, and O),
which characterizes a valid EPMA analysis. Further, a
qualitative survey of the chemical composition of the
films with this technique allowed the detection of the
elements from the substrate (Fe, Cr, and Ni).






m StructureW Si N Si/W
A1 310 (AISI) 10 1/3 49.5 22.2 28.3 0.45 3.2 Amorphous
A2 FeCralloy 10 1/3 50.8 21.0 28.2 0.42 3.2 Amorphous
A3 INVAR 10 1/3 48.6 21.6 29.8 0.44 3.2 Amorphous
B1 310 (AISI) 7 1/4 88.4 5.6 6.0 0.06 2.7 –W
B2 FeCralloy 7 1/4 87.0 5.4 7.6 0.06 2.7 –W
B3 INVAR 7 1/4 89.1 5.8 5.2 0.06 2.7 –W
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B. Structure
The structure of the films depends on the concentra-
tion of Si and N. The as-deposited film with higher Si
and N content (A-film from Table I) has an amorphous
structure, whereas the B-film exhibits the bcc –W phase
(e.g., Fig. 1 for 310 steel substrate). The formation of
amorphous materials of metal–metalloid type,16 such as
W–Si–N coatings, depends on the difference in the
atomic size, the strength of the bonding between the
metal and the metalloid, and the probability of forming
intermetallic compounds with different structures. In the
W–Si–N system, the heterogeneity of the atomic size
between the three elements is high, and with increasing
concentration of silicon and nitrogen, the formation of
Si–N bonds is enhanced. Therefore, the probability of the
formation of an amorphous structure is enhanced with
increasing silicon and nitrogen. Other authors have
reached similar results for this system17 and for the Mo–
Si–N system.18
After thermal annealing at temperatures up to 800 °C,
no significant changes in the XRD patterns were ob-
served. Only small shifts in the peak position and a nar-
rowing of the diffraction peaks could be detected. At
900 °C, the A-film crystallized as –W phase. No other
crystalline peaks were detected for all the substrates and
annealing temperatures. The result suggests that Si-
containing phases are amorphous and remain in this
metastable state even after annealing at the highest tem-
peratures studied. The crystallization of Si–N amorphous
phases is known to occur only for temperatures above
1000 °C.19 The absence of W–N phases after annealing
can be justified, as mentioned previously, by the prefer-
ential bonding between Si and N. Even considering that
after deposition the entire N content is not exclusively
bonded to Si, the very low stability of the W–N bond
with the temperature prompts the release of N during the
TABLE III. Evolution of the chemical composition and structure of the crystalline W–Si–N film after annealing at increasing temperatures.
T (°C) Substrate Film
Chemical composition (at. %)
StructureW Si N Si/W
700 310 (AISI) W88Si5N7 87.8 5.2 7.0 0.06 –W
FeCralloy W88Si6N6 88.2 5.6 6.2 0.06 –W
INVAR * … … … … –W
800 310 (AISI) W88Si6N6 88.4 6.2 5.4 0.07 –W
FeCralloy W89Si6N5 88.7 6.4 4.9 0.07 –W
INVAR W88Si7N5 88.8 6.6 4.6 0.06 –W
900 310 (AISI) W91Si7N2 91.4 6.6 2.0 0.07 –W
FeCralloy W94Si6N0.16 94.1 5.7 0.2 0.06 –W
INVAR W55Si4N41 55.1 4.3 40.6 0.08 –W
* Not determined.
TABLE II. Evolution of the chemical composition and structure of the amorphous W–Si–N film after thermal annealing.
T (°C) Substrate Film
Chemical composition (at.%)
StructureW Si N Si/W
700 310 (AISI) W55Si22N23 54.8 22.1 23.1 0.40 Amorphous
FeCralloy W55Si23N22 55.4 22.5 22.1 0.41 Amorphous
INVAR * … … … … Amorphous
800 310 (AISI) W56Si22N22 56.3 22.3 21.4 0.39 Amorphous
FeCralloy W55Si22N23 54.6 22.4 23.0 0.41 Amorphous
INVAR W58Si21N21 58.3 21.1 20.6 0.36 Amorphous
900 310 (AISI) W65Si21N14 64.8 20.9 14.3 0.32 –W
FeCralloy W60Si21N19 59.7 21.6 18.7 0.36 –W
INVAR W58Si21N21 58.3 21.1 20.7 0.36 –W
* Not determined.
FIG. 1. XRD patterns of the W–Si–N films deposited on the 310
(AISI) steel substrate after deposition.
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thermal annealing, resulting in bcc –W as the only crys-
talline phase detected.
Figure 2 shows the evolution of the lattice parameter
and grain size of both films, deposited on the three
substrates as a function of the annealing temperatures.
The XRD pattern of the amorphous films were treated as
being from a crystalline material, assuming the main
broad diffraction peak could be assigned to the (110)
plans of a bcc phase. Scherrer’s formula, taking the in-
tegral width of the diffraction peaks, was used for grain
size calculation.20 The main observations obtained taken
from the analysis of Fig. 2 are as follows.
In all cases, including the amorphous films, there is a
continuous decrease of the lattice parameter, which is
always higher than the International Center for Diffrac-
tion Data (ICDD) standard value for –W phase with the
increasing annealing temperature. This continuous trend
was also observed when crystallization occurred in the
amorphous film. This fact points out that clusters of at-
oms with an atomic arrangement close to that found in
the bcc –W phase should already exist in amorphous
films. The dilatation of the lattice parameter in relation to
the ICDD standard value can be attributed to two factors:
the residual stresses (the higher the compressive stress,
the higher the lattice parameter) and the presence of at-
oms of different elements in metastable positions in the
W-lattice. As mentioned above, impurity atoms such as
oxygen and carbon, coming from contaminants during
the deposition process, atoms of the processing gas (ar-
gon), and Si and N atoms, which did not have enough
time to segregate and bond preferentially each other, re-
main in the W-lattice after deposition. As will be shown
later on, in some cases the stresses do not decrease with
increasing annealing temperature. Thus, the decrease in
the lattice parameter observed in Fig. 2(a) should be at-
tributed to the out diffusion of the atoms placed in meta-
stable positions in the W-lattice to the grain boundaries,
for example.
For all annealing temperatures, the films deposited on
the INVAR substrates showed a smaller lattice parameter
than those deposited on the other alloys due to their lower
compressive residual stress values, as will be shown
later on.
After crystallization, the lattice parameter of the bcc
–W phase is higher than that of the crystalline film
annealed at the same temperature.
There is no significant change in grain size for both
films after annealing at temperatures up to 800 °C. Be-
sides the obvious increase in the grain size after crystal-
lization of the amorphous film, at 900 °C a small increase
in this structural parameter was also registered for the
crystalline film at this temperature.
The grain size in the crystallized A-film is much
smaller than in as-deposited B-films.
C. Residual stress
1. Analysis of reliability of stress results
The use of different methods for the stress evaluation
of coatings allows the identification of inadequacies. In
relation to the stresses calculated from the deflection of a
coated bar, Fig. 3 shows the values determined by ap-
plying directly the Stoney’s equation to the curvature
FIG. 2. (a) Lattice parameter and (b) grain size of both A and B
W–Si–N films before and after annealing at increasing temperatures.
FIG. 3. Comparison between the stress values calculated from the
deflection of a coated sample measured by optical microscopy and by
profilometry methods (open and close symbols corresponds to pro-
filometry measurements taken in two different parallel lines along the
length of the sample).
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radii of both films deposited into the three different sub-
strates before and after annealing at increasing tempera-
tures. The curvature was measured by profilometry,
along two lines parallel to the length of the sample (open
and closed symbols) and by optical microscopy. There
are almost no differences between the position in the plot
of open and closed symbols, meaning that the position
for the scan measurement on the width of the sample
does not seem to be very important for the curvature
measurements.
Good correlation was also found between the stresses
calculated from the curvatures measured by both pro-
filometry and optical microscopy techniques. The small
differences can be attributed to local distortions of the
substrate surface uniformity during sample preparation.
In the profilometry technique, the scans are shorter than
for the microscopy method (17.5 mm versus 38 mm).
Thus, the profilometry scans are more sensitive to these
distortions with the consequent differences in the stress
calculation. The highest discrepancies were reached for
the INVAR substrate.
The application of the deflection method without a
critical sense of the results can be misleading. Figure 3
shows some stress values that are rather impossible, such
as 30 and 60 GPa. Some of the inappropriate values were
calculated from the curvatures of the FeCralloy substrate
coated with the as-deposited crystalline B-film after ther-
mal annealing at 700 and 800 °C. These samples dis-
played very small curvature radii, which can be ex-
plained only if plastic deformation of the substrates took
place during the annealing process.
At this point, the main question is why the FeCralloy
samples plastically deform more extensively than the 310
(AISI) or INVAR alloys, regardless of its higher yield
strength. The residual stresses in these films are a con-
sequence of two contributions: the intrinsic stresses due
to the growing process of the film and the thermal
stresses due to the mismatch in the thermal expansion
coefficients between the film and the substrate. During
thermal annealing, even if thermal stresses are annihi-
lated, the intrinsic stresses of the films exert their influ-
ence on the substrates. However, as can be observed in
Fig. 4 (data from Ref. 21), the mechanical strength of the
alloy Fe–27% Cr, with chemical composition close to
FeCralloy, decreases with an increase of temperature
more steeply than the other two substrates. For example,
at 600 °C its yield strength is already lower than the
value of the other alloys. Moreover, as it will be pre-
sented later, the B-film deposited onto FeCralloy has a
higher compressive stress than when it is deposited onto
the other substrates, which has been attributed to a high
level of intrinsic stress component.
It is not easy to estimate the stresses that can be present
at the film when the coated sample is annealed at in-
creasing temperatures. Only if the film stress value is
known will it be possible to calculate the maximum
stress developed in the substrate by using, for example,
the analysis of Townsend et al.22 By combining Eqs.
(32a) and (32b) deduced in their paper and considering






where s and f are the stress in the substrate and in the
film, respectively; and ts and tf are the thickness of the
substrate and film, respectively.
The stress in the film at a given annealing temperature
can be estimated by considering the stress value meas-
ured after cooling down from this temperature and sub-





f − sT , (5)
where Ef is Young’s modulus of the film; f is Poisson’s
ratio of the film; Therm is the thermal stress component;
s and f are thermal expansion coefficients of the sub-
strate and film, respectively; and T is the temperature
range.
Thus, by considering for B film deposited on FeCral-
loy substrate and annealed at 700 °C, Ef  430 GPa,
f  0.25, s  14 ×10
−6 K−1, f  7 ×10
−6 K−1, we
arrive at Therm  2.8 GPa. Taking into account that for
this film the experimental value of the stress measured at
room temperature was −7.2 GPa, the stress at 700 °C
should be f  −7.2 + 2.8  − 4.4 GPa. Then, for ts 
0.82 mm and tf  2.8 m, the value of s is at about
60 MPa. This value is very close to the yield strength of
an alloy with chemical composition similar to FeCralloy
at 700 °C (see Fig. 4). Thus, during the annealing at high
temperatures, the residual stresses in the coatings can be
high enough to induce plastic deformation of the sub-
strate impeding the application of Stoney’s method for
FIG. 4. Evolution of the mechanical strength of different Fe-based
alloys at increasing temperatures.21
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the calculation of the film stress which, obviously, is
valid only in the elastic regime.
To overcome the problems related to the plastic defor-
mation of the substrates, the stresses in crystalline films
were evaluated by XRD. The Young’s modulus of the
films necessary for the stress calculation was determined
by depth-sensing indentation. For the cases where a com-
parison could be made (those for which plastic deforma-
tion of the substrate was not likely), Fig. 5 shows the
comparison between the stress values calculated from the
deflection and XRD methods. Taking into account the
uncertainties on the E values by depth-sensing indenta-
tion, a good agreement in the values determined by both
methods is found.
Figure 6 shows a macrograph of the FeCralloy
samples coated with the crystalline B-film, annealed at
different temperatures. The (radius of) curvature of the
specimens is defined as positive when the coated surface
is convex. For positive curvature, the residual stress in
the film whenever the Stoney’s method is applicable, is
compressive. With the increase of the temperature, the
curvature became more pronounced, and suddenly at
900 °C the signal was inverted. As can be observed at
800 °C, the curvature of the coated sample is really very
pronounced confirming the suggested plastic deforma-
tion of the substrate as referred to above. Up to 800 °C,
the curvature is positive, and then at 900 °C, the curva-
ture becomes negative which should represent tensile
stress. An interesting point to be noted is the fact that
regardless of the negative curvature of these coated
samples (a similar situation is also observed for B-film
coated INVAR substrate), their XRD analysis allows cal-
culation of compressive stress values. This incongruence
can only be explained if somewhere between 800 and
900 °C the action of the different factors intervening in
the residual stress of the coatings (difference in the ther-
mal expansion coefficients, annihilation of intrinsic re-
sidual stress by the effect of temperature, changes in the
chemical composition due to the interdiffusion between
the film and the substrate, etc.) induces a change in the
signal of the residual stresses, from negative (compres-
sive) to positive (tensile). The very low strength of the
substrate material at that temperature makes its plastic
deformation very easy, and the residual tensile stress in
the coating leads to the deflection of the coated sample.
The estimation of these stresses is even more difficult
than for the case presented above (B-film coated FeCral-
loy substrate at 700 °C) since more and more parameters
are being intervening in the process as the temperature is
increasing. However, the inversion in the curvature of the
coated sample after heating at 900 °C can be explained
only by the occurrence of tensile stresses in the film.
During cooling down to room temperature, the difference
in the thermal expansion coefficients between the film
and the substrate will again exert its influence, creating,
in these cases, compressive stresses. However, as the
substrate mechanical strength rapidly increases with de-
creasing temperature, the created compressive stresses in
the coating are not sufficiently high to promote plastic
deformation of the substrate, and the induced elastic de-
formation is not high enough to annihilate the negative
curvature acquired by the coated samples at 900 °C an-
nealing. In conclusion, if plastic deformation may occur
during the annealing process, at room temperature the
coated sample can show a curvature typical of tensile
stress but staying under compressive stress.
A detailed observation of the films surface permitted
the detection of extensive cracking in the film. Concern-
ing the coated system with FeCralloy substrate, only lon-
gitudinal cracks could be observed, whereas a network of
cracking characterized the films deposited on the other
substrates. In the film deposited on INVAR substrate,
only some transversal cracking connecting the
longitudinal cracks are detected. However, as shown in
Fig. 7, where the aspect of the cracked film deposited on
310 steel and FeCralloy substrates is compared, the den-
sity of transversal and longitudinal cracks is very similar
for the 310 steel substrate. In the case of the film depos-
ited on INVAR, the calculation of the stresses by XRD
along three directions: 0°, 45°, and 90° with respect to
the longitudinal cracks, led to values of 2.23, 1.98, and
FIG. 5. Comparison between the stress values measured in the crys-
talline W–Si–N film deposited on FeCralloy, 310 (AISI) steel, and
INVAR substrates, calculated from the deflection of a coated sample
and from XRD sin2 methods.
FIG. 6. Macrograph of the curvatures of the crystalline W–Si–N coat-
ing deposited on the FeCralloy substrate and annealed at increasing
temperatures.
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1.95 GPa, respectively. Therefore, only a small decrease
is observed from 0° to 90°, which is probably due to
stress relaxation induced by the cracking in the film. The
observed cracking in B film at 900 °C is one more reason
that confirms unequivocally the presence of tensile
stresses occurring in the film at this temperature. The
reason longitudinal cracking is preferential in relation to
transversal cracking should be due to the stress distribu-
tion in the film related to the shape of the sample. This
subject is currently under investigation.
In the amorphous W–Si–N film, none of these events
were observed. Even when the samples were annealed at
900 °C, no cracks of any type were detected. Two main
factors can justify this different behavior. First, amor-
phous film is tougher and more ductile than crystalline
film; in a previous study it was shown that amorphous
W-based sputtered coating has a lower tendency for
cracking than crystalline films when they were submitted
to scratch-testing, which may indicate a higher toughness
of the amorphous coatings.23 Second, the difference in
the thermal expansion coefficients between the film and
the substrate is not so high for the case of amorphous
film, which shows that, during the heating, the induced
thermal stress is not high enough to annihilate the com-
pressive stress existing in the film after deposition.
2. Stress values
Figures 8(a) and 8(b) plot the measured stress values
using different methods for the amorphous and the crys-
talline films, deposited on the three substrates, as a func-
tion of the annealing temperatures. In all cases, compres-
sive stresses were determined. For the values resulting
from the use of Stoney’s method, only those considered
valid (when plastic deformation of the substrate did not
occur) are presented. The compressive stress induced in
the coatings arises from both the intrinsic contribution
associated to the ion bombardment and growing of the
coatings during the deposition process, and from the ther-
mal contribution due to the difference between the
FIG. 7. Cracking detected on the crystalline W–Si–N coating after it
has been annealed at 900 °C when deposited (a) on FeCralloy substrate
and (b) on 310 (AISI) steel.
FIG. 8. Residual stress of both A and B W–Si–N films deposited on
FeCralloy, 310 (AISI) steel, and INVAR substrates before and after
annealing at increasing temperatures: (a) as-deposited amorphous film
and (b) as-deposited crystalline film.
A. Cavaleiro et al.: Evolution of the microstructure, residual stresses, and mechanical properties of W–Si–N coatings
J. Mater. Res., Vol. 20, No. 5, May 2005 1363
thermal expansion coefficients of the film (f) and of the
substrate (s) during the cooling from the deposition
temperature (∼450 °C). The ion bombardment promotes
the incorporation of the discharge gas (argon) into the
film lattice enhancing the denominated “atomic peening
effect,”24 in which the energetic atoms promote the den-
sification of the film and thus an increase of the com-
pressive stress. Moreover, whenever either growth of
films with epitaxial relationships or attractive forces be-
tween the columns in low density films occur, stresses
can be developed in the coatings.25 The deposition of
very compact films with low discharge pressure and
negative substrate bias improves the ion bombardment
and consequently induces compressive stress in the films.
The difference between f and s can also induce com-
pressive stresses in the coating after cooling since s,
which is as high as 18 × 10−6 K−1, is much higher than
f [(3–7) × 10
−6 K−1].26 The latter value was taken by
considering the thermal expansion coefficients of bulk
materials formed by compounds of the elements consti-
tuting the film (tungsten silicide, tungsten nitride and
silicon nitride). It is also important to mention that in
many films, the f values calculated are lower than those
of the corresponding bulk material, as is the case of sili-
con nitride thin films.27 Furthermore, the usually pre-
sented low  value for INVAR alloys concerns low tem-
perature ranges. For example, the linear coefficient of
thermal expansion is 1.2, 4.9, and 13.9 × 10−6 K−1 in the
ranges 30–100, 30–300, and 30–900 °C, respectively.28
Thus, as the range of annealing temperatures studies
reaches 900 °C, an important difference could also be
expected in the thermal expansion coefficients between
the films and the INVAR substrates.
Considering the different s values, the first important
conclusion of the analysis of both figures is that in all
cases the films deposited on INVAR substrates showed a
lower stress values than the correspondent films depos-
ited on the other alloys. This result is in agreement with
the lower lattice parameter measured for those films (see
Fig. 2). In fact, the in-plane compressive stress leads to a
decrease of the interplanar distance for the lattice plans
perpendicular to the substrate. Using elasticity theory,
this corresponds to an increase of the interplanar distance
of the lattice planes parallel to the substrate. As these are
the only possible planes detected by conventional XRD
diffraction technique, a decrease of the compressive
stresses should induce a decrease of the interplanar dis-
tances calculated from the XRD analysis. As the films
were deposited at temperatures close to 450 °C, during
the cooling down to room temperature the thermal com-
ponent of the stresses in the films should be more com-
pressive in the cases of 310 (AISI) steel substrates and
FeCralloy than with INVAR.
For example, if the difference of s values between
INVAR and the 310 steel substrate is taken to be close to
10 × 10−6 K−1 and the Young’s modulus of the film to be
350 GPa (see Sec. III. D), a temperature difference of
450 °C gives rise to a thermal stress value of ∼1 GPa if
Eq. (5) is used. This value is on the same order of mag-
nitude as the differences in the stress observed in Fig. 8
for films deposited on 310 (AISI) steel and INVAR sub-
strates. Considering only the amorphous films [see Fig.
10(a)], a similar trend is observed between 310 (AISI)
steel and FeCralloy substrates. Indeed, a higher compres-
sive stress is measured in the film deposited on the 310
steel, which is due to its higher s value than the one of
FeCralloy. On the other hand, the crystalline B-film de-
posited on the latter substrate [see Fig. 8(b)] has not only
a very large difference in the stress value in relation to
the one deposited on the INVAR alloy but also a value
even higher than that when it is deposited on 310 (AISI)
steel. This fact should be attributed to the magnitude of
the intrinsic component of the stress. The film has a
structure similar to that of the FeCralloy substrate. Both
have a simple bcc metallic lattice in contrast to the other
substrates, which are characterized by the face-centered
cubic (fcc) austenite -phase. During film growth, epit-
axial relationships could then be expected for FeCralloy
substrates. The larger atomic radius of W in relation to Fe
induces a lattice distortion in the films if epitaxial growth
occurs. Compressive stresses are then created to compen-
sate for the mismatch between the atomic radii of the film
and FeCralloy substrate. This is not expected when the
crystalline film is deposited onto the other substrates.
With increasing annealing temperatures up to 800 °C,
the compressive stress develops smoothly. This behavior
is unusual whenever high compressive stressed films are
annealed. In literature, a decrease of the residual stresses
is usually reported (see for example, Ref. 29), as being
attributed mainly to either structural relaxations or losses
of loosely bonded atoms or molecules of the discharge
gas or contaminant elements. Furthermore, this would be
the expected behavior since, as shown in Fig. 9 where the
stress free lattice parameters of the crystalline films
calculated from the XRD sin2 method are presented, the
plotted values decrease from the room temperature to
700 °C and then are kept constant for higher annealing
temperatures. This value is very close to the standard
ICDD value of –W (3.1648 Å30) and is independent of
the substrate on which the film is deposited. The trend
reflects initially the liberation or segregation of the
loosely bonded atoms and later, the absence of other
chemical species in the W-lattice.
The increase in the compressive residual stresses is
considered to be related to an increasing contribution of
the thermal component to the total stress value. During
the stage at the annealing temperature, any thermal
stresses will be relaxed, and during the cooling down to
room temperature, new compressive stresses are created
due to the difference in the thermal expansion coefficients
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of the film and the substrate, whose magnitude will de-
pend on the annealing temperature.
D. Mechanical properties
Figures 10(a) and 10(b) show the evolution of the
hardness (H) and Young’s (E) modulus values of the
films as-deposited and after annealing. These data were
obtained using a Fischer Instruments (Lmax  50 mN). In
these conditions, the ratio of maximum penetration depth
to film thickness is, in all cases, smaller than 0.11, as-
suring that no influence of the substrate occurred during
the hardness evaluation of the film.31 However, to access
the validity of such values, a series of samples were also
tested using a MTS Nanoindenter XP equipped with the
CSM module using either a Vickers or a Berkovich tip.
In this last case, the results were taken from the region of
the hardness curve versus penetration depth, correspond-
ing to low applied loads where constant hardness values
are calculated and no influence of the substrate is de-
tected. No significant variations in H and E values using
both equipments and indenter tips were registered, the
differences being only in the statistical errors inherent to
each technique. Furthermore, no systematic tendency is
registered in the values measured by each apparatus; i.e.,
in some cases the values were higher for one type of
equipment, and in other cases, the inverse occurred.
The annealing temperature up to 800 °C had no sig-
nificant influence on the H and E values; only small
changes were detected. On the other hand, at 900 °C,
there is a steep variation for both films deposited on the
three substrates. Inverse trends for the amorphous and the
crystalline films were observed. In the former, there is a
strong increase, which is believed to be associated with
the crystallization process. The values obtained after
crystallization are very close to those of the as-deposited
crystalline films, about 40 GPa, which is a remarkable
value for a film constituted preferentially by a single
metallic bcc phase. As shown previously in Fig. 9, the
stress free value of the lattice parameter is very close to
the ICDD standard of the –W phase, which confirms its
purity. The conjunction of high compressive stresses
with the very low grain size of the structure associated
with hard and amorphous Si-rich phases is a factor that
should be taken in account for the justification of the high
hardness values found. Further, for the latter, the influ-
ence of the interdiffusion between the film and the sub-
strate supports the interpretation of the sudden decrease
of the hardness when annealed at 900 °C.
It is well known that residual stresses can have a pre-
dominant role in the hardness of thin sputtered films.32 In
many studies, close correlation between the stress and the
hardness has been found. Although many other factors
can influence the hardness values, Fig. 11 demonstrates
that, globally, the coatings with higher compressive re-
sidual stresses are harder. For each coated system, the
stress values calculated with the different used methods
are presented. Two groups of data can be considered,
depending on the structure of the films. The influence of
FIG. 9. Stress-free value of the lattice parameter of the crystalline
W–Si–N film deposited on FeCralloy, 310 (AISI) steel, and INVAR
substrates after annealing at increasing temperatures.
FIG. 10. (a) Hardness and (b) Young’s modulus of both A and
B W–Si–N films deposited on FeCralloy, 310 (AISI) steel, and
INVAR substrates and annealed at increasing temperatures (error bars
are shown as an example for one case).
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the residual stresses seems to be more effective in the
crystalline than in amorphous films. A strong increase in
the compressive stress values (from 2 to 6 GPa) leads to
a hardness increase of the former by 20 GPa, whereas in
the latter, the increase is no more than 7–8 GPa. These
different trends should be related to the characteristic
deformation mechanisms typical of both amorphous lo-
calized shear bands) and crystalline (dislocation gliding
and/or grain boundary sliding) materials.
Similarly, many researchers have been trying to relate
empirically the hardness with the grain size. Even if the
well-known Hall–Petch relationship does not hold for
this type of films given the exceptional low values of the
grain size (nanometer range), many authors33,34 found
that it can be applicable for films with decreased grain
size. To this end, it would be necessary that grain bound-
ary sliding were hampered. The chemical composition
result shows that the interdiffusion between the film and
the substrate is expected at 900 °C. Although not de-
tected in this study by XRD, previously9,14 formation of
“new” phases consisting of elements from the film and
the substrate, such as Fe2W and NiWSi, was observed.
Moreover, the element distribution across the thickness
of the films showed that in particular zones, the N con-
tent completely vanished. Both of these results allow the
assumption that the interdiffusion can lead to the destruc-
tion of the above-mentioned nanocomposite structure.
Therefore, in addition to the effects of the residual
stresses and grain size variations, a structural transfor-
mation related to the interdiffusion can also contribute to
the decrease of the hardness observed for annealing at
900 °C.
The relationship between the hardness and the
Young’s modulus for all films is shown in Fig. 12. The
approximate linear trend between the values of these two
properties is typical for this type of hard coatings and
reveals a brittle behavior (see, for example, Ref. 35). The
data points shifted from the trend correspond to the
crystalline film deposited on the three substrates after it
is annealed at 900 °C. The dissimilarity between the be-
havior of these composite systems and the other samples
confirms the alteration of the chemical composition due
to the interdiffusion phenomenon.
The analysis of Fig. 12 allows the conclusion that the
higher H/E ratios are reached in coatings that originally
have as-deposited amorphous structure. Even after crys-
tallization, these coatings present H/E ratios higher than
the crystalline as-deposited coatings. In these cases the
H/E ratio is higher than 0.1, which shows a potentially
promising tribological behavior as noted by several au-
thors.36,37 Therefore, the production of nanocomposite
coatings by crystallization induced during thermal an-
nealing can be an excellent alternative with respect to
their direct deposition.
IV. CONCLUSIONS
This paper represents a study of the thermal stability of
two W–Si–N coatings with similar chemical composi-
tions, one with amorphous and another with crystalline
structures. The following conclusions can be drawn.
Independent of the Si concentration, the only crystal-
line phase detected for the films, including the one re-
sulting from the crystallization of the amorphous film at
900 °C, was the bcc –W phase, suggesting that an
amorphous Si-nitride should exist, forming a nanocom-
posite material.
Good agreement was found between the residual stress
values calculated using Stoney’s equation applied to the
deflected coated samples and the XRD sin2  method. It
was also demonstrated that the application of deflection
method could be problematic if plastic deformation of
the substrate occurs, as is most probable in thermal an-
nealing studies.
In all cases, compressive stresses were measured in the
coatings. The films deposited on INVAR presented
systematically lower values than those on the other
FIG. 11. Hardness values of both A and B W–Si–N films deposited on
FeCralloy, 310 (AISI) steel, and INVAR substrates and annealed at
different temperatures as a function of the residual stresses.
FIG. 12. Young’s modulus of both A and B W–Si–N films deposited
on FeCralloy, 310 (AISI) steel, and INVAR substrates and annealed at
different temperatures plotted as a function of the hardness values.
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substrates due to its lower thermal expansion coefficient.
In the case of crystalline film deposited on FeCralloy,
such a trend was not observed due to intrinsic stress
induced by epitaxial growth.
Contrary to what could be expected, with thermal an-
nealing, there was a smooth increase of the compressive
stress values; for crystalline film only, for the highest
annealing temperatures, a small decrease in the stress
was detected.
For annealing up to 800 °C, there were no significant
changes in the hardness and Young’s modulus of the
coatings. However, at 900 °C, the hardness increased
steeply for the amorphous film, probably due to the crys-
tallization, whereas it decreased for the crystalline film.
In many cases a value of H/E higher than 0.1 was found,
suggesting good tribological behavior.
Good correlation between the hardness and the re-
sidual stress was found.
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